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(VSHFLDOO\ DW VPDOO FKDUJH QXPEHUV RU LQGLYLGXDO GHPDQGV FRPPRQ SURFHVVHV UHDFK WKHLU OLPLWV DQG WKH ODVHU
SURFHVVLVDGYDQWDJHRXV+3LOLLHWDO7KHFXUUHQWO\XVHGODVHUV\VWHPVDUHFZ&2ODVHUV7KHVHV\VWHPV
PD\DIIHFWXQZDQWHGPDWHULDOFKDQJHVOLNHEOHDFKLQJRUFKDQJLQJRIFRORUVHJDWWKHFXWWLQJHGJHVGXULQJWKHODVHU
SURFHVVE\WKHUPDOGHFRPSRVLWLRQRIWKHPDWHULDO$6WHSDQRYHWDO
2Q WKH RWKHU KDQG DOVR PDWHULDO LQKHUHQW SURSHUWLHV KDPSHU WKH SURFHVVLQJ RI SDSHU PDWHULDOV 7KHVH DUH LWV
PDQLIROGRIWKLFNQHVVGLIIHUHQWLQJUHGLHQWVDQGILQLVKLQJIRUH[DPSOH(LWKHUDEURDGSURFHVVZLQGRZRUVSHFLDOL]HG
V\VWHPVDUHQHHGHGWRDFKLHYHDKLJKTXDOLW\ODVHUSURFHVVLQJ
,Q WKLV VWXG\ ZH XWLOL]H D  QP SLFRVHFRQG SXOVHG ODVHU V\VWHP DQG VKRZ EDVLF UHVXOWV RI PDFKLQLQJ
FRPPHUFLDOO\DYDLODEOHVWDQGDUGSDSHUVXEVWUDWHV7KHVHPDWHULDOVUHFHLYHGQRSURSHUW\HQKDQFLQJWUHDWPHQWVOLNH
DEVRUSWLRQHQKDQFLQJDGGLWLYHVRUDVPRRWKHQLQJILQLVKDQGWKXVFDQGLVSOD\WKHYHU\EDVLFODVHUPDWWHULQWHUDFWLRQ
DWVKRUWSXOVHGODVHUSURFHVVLQJRISDSHU
([SHULPHQWDO'HWDLOV
7KHFKRVHQ ODVHU IRU WKLV VWXG\ZDVDQXOWUD VKRUWSXOVHG V\VWHPZLWKDSXOVHGXUDWLRQRISLFRVHFRQGVDW D
YDULDEOHUHSHWLWLRQUDWHVLQJOHSXOVHXSWR0+]DVSRWGLDPHWHURIPDQGDPD[LPXPDYHUDJHSRZHURI
:DWDZDYHOHQJWKRIQP,QRXUH[SHULPHQWVUHSHWLWLRQUDWHZDVIL[HGDWN+]DQGWKHSXOVHRYHUODSȍ
ZDVVHWWREHHTXDOO\VSDFHGLQ[DQG\GLUHFWLRQ7KHSDUDPHWHUVWRYDU\ZHUHWKHUHIRUHWKHDYHUDJHSRZHU:
::QXPEHURIWUDQVLWLRQVQWRDQGRYHUODSȍWR7KHXVHGDYHUDJHSRZHUVUHVXOWLQ
SHDNIOXHQFHV)RI-FPð-FPðDQG-FPð
7KH WKLFNQHVV DQG EDVLF RSWLFDO SURSHUWLHV DV D UHVXOW RI VSHFWURVFRSLFPHDVXUHPHQWV RI WKH WZR XVHG SDSHU
PDWHULDOV3 DQG3DUH VKRZQ LQ7DEOH7KHVH DUH VWDQGDUG FRPPHUFLDOO\ DYDLODEOHSDSHUZLWKRXW DQ\ VSHFLDO
FRDWLQJ RU ILOOHU PDWHULDO 7KH XVHGPDWHULDOV 3 DQG 3 DUH RI VLPLODU FRPSRVLWLRQ KDYH WKHUHIRUH FRPSDUDEOH
RSWLFDO SURSHUWLHV DQG GLIIHU LQ WKHLU RYHUDOO WKLFNQHVV 7KH SDSHU FRQVLVWV PDLQO\ RI FHOOXORVH ILEHUV FDOFLXP
FDUERQDWHDVILOOHUPDWHULDODQGDVPDOOIUDFWLRQRIELQGHUV7KHRSWLFDOSURSHUWLHVDUHRQO\PHDVXUHGIRUWKHRYHUDOO
SDSHUDQGQRWIRUWKHVLQJOHFRPSRQHQWV







1H[WWRWKHRSWLFDOSURSHUWLHVWKHFRPSRVLWLRQRIWKHSDSHUPDWHULDOFDXVHVDTXLWHLQKRPRJHQHRXVVWUXFWXUH.
1LVNDQHQHWDODVVHHQLQ)LJD+HUHHVSHFLDOO\WKHYRLGVZLWKLQWKHVWUXFWXUHDUHYLVLEOH,Q$GGLWLRQWR
WKH URXJKVXUIDFH WKH VWUXFWXUHRI WKHSDSHU LQIOXHQFHV WKH ODVHUSURFHVVLQJDQGFDXVHVSHFLDOREVWDFOHV OLNH ORFDO
FKDQJHRIDEVRUSWLYLW\
 
1DPH *UDPPDJH 7KLFNQHVV 5HIOHFWDQFH
DWQP
7UDQVPLWWDQFH
DWQP
$EVRUSWLYLW\
DWQP
3 JPð P   
3 JPð P   
7DEOH7KLFNQHVVDQGRSWLFDOSURSHUWLHVRIXVHGSDSHUV
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
$ ODVHU GDPDJH WKUHVKROG GHWHUPLQDWLRQZDV FRQGXFWHG DFFRUGLQJ WR -0/LX +HUH D JDXVVLDQ EHDP
VKDSH LV DQWLFLSDWHG DQG WKH SHDN IOXHQFH FRQQHFWHG WR WKH UHVXOWLQJ GLDPHWHU RI WKH GDPDJHG DUHD RQ D FHUWDLQ
PDWHULDO7KHUHVXOW LVVKRZQLQ)LJEDQG\LHOGVDGDPDJHWKUHVKROGIRU3ZLWKWKHXVHG ODVHUV\VWHPRI
-FPð7KLVWKUHVKROGZDVGHWHUPLQHGE\SODFLQJSXOVHVDWRQHVSRWIRUHDFKSXOVHHQHUJ\WHVWHG,WKROGVWUXHIRU
WKH ZKROH SDSHU QRW IRU WKH VLQJOH FRPSRQHQWV 6LQJOH SXOVHV ZHUH QRW PHDVXUDEOH GXH WR WKH JHQHUDO RSWLFDO
SURSHUWLHVRIWKHSDSHUDQGLWVLQKRPRJHQLRXVFRPSRVLWLRQ








2QH SRVVLELOLW\ WR FODVVLI\ WKH ODVHU SURFHVVHG PDWHULDOV LV WR PHDVXUH WKH GLVFRORXUDWLRQ FDXVHG E\ WKHUPDO
GHFRPSRVLWLRQ 7KLV HIIHFW LV TXDQWLILHG E\ D FRORXULPHWULF PHDVXUHPHQW LQVWUXPHQW 6SHFWUR'HQV 7HFKNRQ ,W
DVVLJQHVDFFRUGLQJ WR(1,62Ä&RORULPHWU\ 3DUW&,(/DE&RORXU VSDFH³HYHU\PHDVXUHG
FRORXUDGLVWLQFWSRLQWLQWKHWKUHHGLPHQVLRQDO/DEFRORXUVSDFHDVVHHQLQ)LJ6XEVHTXHQWO\WKHVHSRLQWVDUH
XVHGWRGHILQHDǻ(YDOXHZKLFKLVWKHOHQJWKRIWKHYHFWRURIWKHGLVWDQFHRIWZRFRORXUSRLQWVLQWKLVV\VWHP7DEOH
 VKRZV D FODVVLILFDWLRQ RI WKHVH YDOXHV DV SHUFHSWHG E\ WKH KXPDQ H\H+HUH WKH XQSURFHVVHG SDSHU LV XVHG DV
UHIHUHQFH WR GLVFRORXUDWLRQ DIWHU D FHUWDLQ WUHDWPHQW IRU WKLV LQFOXGHV DQ\ FRORXU SLJPHQWV DOUHDG\ H[LVWLQJ
EHIRUHKDQG0HDVXULQJWKHFRORXUYDOXHLVDVWURQJLQGLFDWRUDWZKLFKSDUDPHWHUVFROGDEODWLRQWDNHVSODFH
 
ǻ( ,PSUHVVLRQ
 ,PSHUFHSWLEOHGLIIHUHQFH
 'HWHFWLRQWKUHVKROG
! 5HFRJQL]HGDVGLIIHUHQWFRORU
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)LJD3KRWRJUDSKRISVODVHUFXWRISDSHU3DW) -FPðȍ Q E'DPDJHWKUHVKROGGHWHUPLQDWLRQIRU3
7DEOH&ODVVLILFDWLRQRIǻ(
1 
ED
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)LJ/DE&RORXUVSDFH
)RUDGHWDLOHGORRNRQWRWKHDEODWLRQRIWKHODVHUSURFHVVHGSDSHUDQ/DVHU6FDQQLQJ0LFURVFRSHZDVXVHG+HUH
HVSHFLDOO\ WKH WRSRJUDSK\ZDVGHSLFWHGDVZHOODVPLFURJUDSKVRI WKHPDFKLQHGPDWHULDOV IRU WKHXVDJHRIGHSWKV
PHDVXUHPHQWVZKLFKDUHVKRZQLQWKHQH[WFKDSWHU
([SHULPHQWDO5HVXOWV
)LJ  VKRZV H[HPSODU\ D IXOO PDWUL[ RI DEODWLRQ RI SDSHU 3 ZKHUHDV WKH \D[LV LQGLFDWHV WKH QXPEHU RI
WUDQVLWLRQVDQGWKH[D[LVWKHRYHUODSRISXOVHVȍKHUHQDPHG8(LQSHUFHQW$VFDQEHVHHQWKHKLJKHVWRYHUODSRI
 FDXVHG WKH PDWHULDO WR EXUQ PDNLQJ IXUWKHU DQDO\VLV LPSRVVLEOH DW WKHVH SDUDPHWHUV $V H[SHFWHG KLJKHU
WUDQVLWLRQVDQGKLJKHUȍOHDGVWRDVWURQJHUDEODWLRQRISDSHU

)LJ  VKRZV WKH WRSRJUDSK\ RI FHUWDLQ DEODWLRQ FRQILJXUDWLRQ YDU\LQJ ȍ IURP   WR   DIWHU ILYH
WUDQVLWLRQV$URXJKHQLQJRIWKHVXUIDFHFDQEHREVHUYHGH[FHHGLQJHYHQWKHEDVHOHYHORIWKHXQWUHDWHGPDWHULDODV
VHHQLQWKHPLFURJUDSKVIURPXSWRSXOVHRYHUODS7KLVURXJKHQLQJGHFUHDVHVZLWKDQLQFUHDVLQJȍDVWKH
HQHUJ\GHQVLW\EURXJKWRQWRWKHSURFHVVHGDUHDULVHV
7KLVURXJKHQLQJLVDUHVXOWRIDVHOHFWLYHDEODWLRQRIWKHILEHUFRQWDLQLQJPDWUL[DQGOHDGVWRDODZQOLNHVWUXFWXUH
RI DQ HQODUJHG FRPSDUHG WR WKH VWDWH EHIRUH SURFHVVLQJ DQG URXJK VXUIDFH RI PRVWO\ ILEUH PDWHULDO 'XULQJ
IDEULFDWLRQRIWKHSDSHUWKHILEUHVDUHSUHVVHGDQGGULHGZLWKLQWKHDPELHQWPDWUL[FRQVLVWLQJILOOHUPDWHULDODQGD
VPDOOIUDFWLRQRIDGGLWLYHV%\RQO\DEODWLQJWKRVHPDWUL[HOHPHQWVWKHILEHUVDUHUHOHDVHGIURPWKHLUIRUPHUVWUHVV
DQGFDQIRUPWKLVODZQOLNHVXUIDFHVWUXFWXUH$WKLJKHUHQHUJ\GHQVLWLHVWKLVVWUXFWXUHLVGHVWUR\HGDJDLQDVVHHQLQ
WKHPLFURJUDSKVRIDQGSXOVHRYHUODSLQ)LJ)LUVW([SHULPHQWVDWDQDQRVHFRQGODVHUV\VWHPZLWKD
)LJ$EODWLRQRISDSHU3XVLQJDSHDNIOXHQFHRI-FPð'LIIHUHQWȍKHUHQDPHG8(DUHVKRZQRQWKH[D[LVRQWKH\D[LVWKHQXPEHU
RIWUDQVLWLRQVDUHLQFUHDVHG
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ZDYHOHQJWK RI  QP VKRZ D FOHDU HQKDQFHPHQW RI WKLV HIIHFW +HUH WKH ODZQOLNH VWUXFWXUH LV FOHDUO\ YLVLEOH
ZLWKRXWDPLFURVFRSH
7KHDWWHPSW WRTXDQWLI\ WKHURXJKQHVVE\5DIRUH[DPSOHUHVXOWHG LQQRFOHDU WUHQGDQGGRHVQRW UHVHPEOH WKH
YLVXDOLPSUHVVLRQRI)LJ+HUHRWKHUZD\VRIGHILQLQJWKHVXUIDFHDQGLWVSURFHVVIRUPHGVXUIDFHSURSHUWLHVKDGWR
EHIRXQGOLNHLQGHSWK'VXUIDFHDQDO\WLFVDVWKHFRPSOH[VWUXFWXUHZLWKLWVXQGHUFXWVVHHPVWREHWKHSUREOHP
$OVR WKLVPDWUL[DEODWLRQFRPSOLFDWHG WKHDEODWLRQ WKUHVKROGGHWHUPLQDWLRQ+HUHQRFOHDUDEODWHGFLUFOHVFRXOGEH
PHDVXUHG DV WKH ILEUHV DUH QRW IXOO\ DEODWHG E\ WKH  QP SLFRVHFRQG UDGLDWLRQ %HFDXVH RI WKLV WKH DEODWLRQ
WKUHVKROGVWXG\KDVWREHSHUIRUPHGZLWKVHYHUDOSXOVHVRQWKHVDPHVSRWUDWKHUWKDQZLWKVLQJOHVSRWV

7KHPHDVXUHGDEODWLRQGHSWKVDUHGHSLFWHGLQ)LJOHIWVFDOHDVZHOODVWKHPHDVXUHGGLVFRORUDWLRQǻ(RQWKH
ULJKWVFDOH7KHEOXHEDUPDUNVWKHUHJLPHRIQRQRWLFHDEOHFRORXUGLIIHUHQFHIRUWKHKXPDQH\HEHORZWKHYDOXHRI
IRUǻ(DVVHHQLQ7DEOH$VFDQEHVHHQHYHQIRUDEODWLRQDWSXOVHRYHUODSWKHYDOXHDOUHDG\H[FHHGVWKLV
PDUN+HQFH WKHUPDO GHJUDGDWLRQRI WKH SDSHU SOD\V D FUXFLDO UROH DQG QR FROG SURFHVV LV SRVVLEOH DW WKHVH ODVHU
SDUDPHWHUV RI  SV  N+] DQG  -FPð %H\RQG  RI SXOVH RYHUODS WKH DEODWHG GHSWKV DVZHOO DV ǻ(
LQFUHDVHVLJQLILFDQWO\
)LJVKRZVGLIIHUHQWSHDNIOXHQFHVDQGWKHLUFRUUHVSRQGLQJGLIIHUHQWDEODWLRQGHSWKVDWSURFHVVLQJSDSHU3$W
-FPðXSWRDYDOXHRIȍ WKHDEODWLRQLVQRWPHDVXUDEOH+HUHRQO\WKHPDWUL[DEODWLRQWDNHVSODFHDQG
WKH ILEHUV RXWUHDFK WKH IRUPHU VXEVWUDWH OHYHO $W  -FPð DQG  -FPð WKH GLIIHUHQFH LQ DEODWLRQ GHSWK
H[FHVVLYHO\VWDUWVWRGLIIHUHQWLDWHEH\RQGSXOVHRYHUODS
)LJ&RPSDULVRQRIDEODWHGGHSWKDWGLIIHUHQWȍDIWHUILYHWUDQVLWVDQGLWVFRUUHVSRQGLQJFKDQJHLQFRORXUJLYHQLQFDOFXODWHGǻ(%OXHUHJLRQ
PDUNVǻ(EHORZ
)LJ7RSRJUDSKLFPLFURJUDSKVRIVHYHQGLIIHUHQWSXOVHRYHUODSVDUHVKRZQDIWHUILYHWLPHVRIDEODWLRQDW-FPð
1 
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
)LJ&RPSDULVRQRIWKUHHGLIIHUHQWDYHUDJHSRZHUXVHGIRUDEODWLRQDWGLIIHUHQWȍDIWHUILYHWUDQVLWVRQPDWHULDO3
7KHFRPSDULVRQRISURFHVVLQJWKHSDSHU3DQG3DWWKHVDPHSHDNIOXHQFHRI-FPðDWGLIIHUHQWȍLVVKRZQ
LQ )LJ  +HUH QR GLIIHUHQFH LQ WKH DEODWLRQ EHKDYLRU EHWZHHQ WKH WZR PDWHULDOV FDQ EH REVHUYHG 7KH PDLQ
GLIIHUHQFHEHWZHHQ WKH WZRPDWHULDOV LV WKH WKLFNQHVV WKLVPHDQV WKDWQRKHDWFRQGXFWLRQ LQWR WKHUHPDLQLQJEXON
PDWHULDODVVLVWV WKHDEODWLRQ7KLVDOVRDOORZV WUDQVIHUULQJ WKH UHVXOWV IURPWKHDEODWLRQ WKUHVKROGGHWHUPLQDWLRQ WR
PDWHULDO3

)LJ&RPSDULVRQRIWKHWZRXVHGPDWHULDOV3DQG3DWDSHDNIOXHQFHRI-FPð
&RQFOXVLRQ
:HKDYHVKRZQWKHDEODWLRQRISDSHUDWQPDWN+]DQGSVSXOVHGXUDWLRQ LQGHSHQGHQFHRISHDN
IOXHQFH)'HSHQGLQJRQ WKHHQHUJ\GHQVLW\DEODWLRQFDQFKDQJH LWVEHKDYLRUIURPDPRUHFROGSURFHVVDWD ORZ
SDFHPHDQLQJ ORZSXOVH RYHUODS WR D TXLWH WKHUPDO DQGPDWHULDOEXUQLQJSURFHVV7KLV VZLWFKLQJ KDSSHQV DW DQ
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RYHUODSRIDERXW$OVRDVWURQJGLVFRORUDWLRQDWKLJKHURYHUODSFDQEHQRWLFHGDIWHUWKLVSRLQWVWDWLQJDWKHUPDO
SURFHVV +HUH WKH FRORXUVSDFH GHWHUPLQDWLRQ TXDQWLILHG WKH UHVXOWLQJ FRORXU FKDQJH DIWHU SURFHVVLQJ WKH SDSHU
)DOOLQJEHORZ WKH VWDWHGPDUNǻ(  IRU WKLV FKDQJHZDV QRW DFKLHYHG+HUH WKH GHFUHDVH RI WKH UHSHWLWLRQ UDWH
EHORZ  N+] FDQ SRVVLEO\ FKDQJH WKLV GUDZEDFN WKH LQGXFHG KHDW KDVPRUH WLPH WR GLVWULEXWH LQ WKH DPELHQW
PDWHULDODQGLVQRWDFFXPXODWHGDQGHQKDQFHWKHSURFHVVWRDSXUHFROGDEODWLRQZLWKRXWDQ\FRORXUFKDQJH
$ VHOHFWLYH PDWUL[ DEODWLRQ ZDV REVHUYHG DIWHU SURFHVVLQJ ZLWK SLFRVHFRQG ODVHU SXOVHV FUHDWLQJ D ODZQOLNH
VXUIDFHVWUXFWXUHEHFDXVHRIWKHFHOOXORVHILEHUVZHUHQRWDEODWHGE\WKHQPSVUDGLDWLRQ+HUHWKHZDYHOHQJWK
RIQPLVWKHGHWHUPLQLQJIDFWRUFDULQJIRUDVHOHFWLYHDEODWLRQDVILUVWH[SHULPHQWVZLWKORQJHUSXOVHVRIWKH
VDPHZDYHOHQJWKVXJJHVW7KHVHSXOVHVZHUHLQWKHUDQJHRIQDQRVHFRQGVDQGFOHDUO\HQKDQFHWKHRYHUDOOHIIHFWRI
FUHDWLQJWKLVODZQOLNHVWUXFWXUH+HUHQHZDSSOLFDWLRQVDUHSRVVLEOHZLWKWKLVNLQGVXUIDFHWUHDWPHQWIRUH[DPSOHLQ
WKHILHOGVRIILOWHUWHFKQRORJLHV2QWKHRWKHUKDQGWKLVHIIHFWKDUGHQHGWKHFRQGXFWLRQRIGHWHUPLQLQJWKHDEODWLRQ
WKUHVKROG)XUWKHUVWXGLHVKDYHWRGLVWLQJXLVKEHWZHHQDWKUHVKROGIRUWKHPDWUL[DQGWKHILEHUVVHSDUDWHO\
7KHWKLFNQHVVRIPDWHULDOGRHVWRWKLVSRLQWQRWLQIOXHQFHWKHDEODWLRQRISDSHUPDWHULDODWDOOZKLFKGLPLQLVKHVWKH
LPSRUWDQFHRIWKHWKLFNQHVVIURPWKHYDVWPDWUL[RIWKHLQIOXHQFLQJIDFWRUVRQODVHUSURFHVVHVRQSDSHUPDWHULDO
$FNQRZOHGJHPHQWV
7KH UHVHDUFK SURMHFW ,*) 1 ZDV IXQGHG WKURXJK WKH $L) ZLWKLQ WKH SURJUDP ©SUHFRPSHWLWLYH MRLQW
UHVHDUFK,*)ªE\WKH*HUPDQ)HGHUDO0LQLVWU\RI(FRQRPLF$IIDLUVDQG(QHUJ\%0:LDQGFDUULHGRXWXQGHUWKH
XPEUHOOD RI WKH *HUPDQ )HGHUDWLRQ RI ,QGXVWULDO &RRSHUDWLYH 5HVHDUFK $VVRFLDWLRQV $L) :H ZRXOG OLNH WR
H[SUHVVRXUJUDWLWXGHIRUWKLVVXSSRUW
5HIHUHQFHV
$6WHSDQRY+3LOLL$6DOPLQHQ³&RORUFKDQJHLQODVHUFXWWLQJRISDSHUPDWHULDO´,&$/(23DSHU3SS
+3LOLL$6DOPLQHQ9.XMDQSlD³,QWHUDFWLRQEHWZHHQODVHUEHDPDQGSDSHUPDWHULDOV´,&$/(23DSHU3SS
.1LVNDQHQ,.DMDQWR33DNDULQHQÄ3DSHUPDNLQJ6FLHQFHDQG7HFKQRORJLH´%RRN3DSHU3K\VLFV
/LX-06LPSOHWHFKQLTXHIRUPHDVXUHPHQWRISXOVHG*DXVVLDQEHDPVSRWVL]HV2SW/HW9RO1R
